Introduction
============

The involvement of the primary motor cortex (M1) in ipsilateral hand movement is complex. Under transcranial magnetic stimulation (TMS), the recruitment of M1 activity during ipsilateral movement is observed more often in the M1 in the left hemisphere (the left M1) than in the M1 in the right hemisphere (the right M1) in right-handed subjects ([@bib42]; [@bib67]; [@bib19]). This finding indicates the asymmetric recruitment of neural activity at the cortical level through the uncrossed corticospinal tract. The ipsilateral motor cortex receives an inhibitory signal from the other side of the motor cortex ([@bib3]). This transcallosal inhibition seems to play a crucial role in suppressing mirror activation of the ipsilateral motor cortex during unilateral hand motor tasks ([@bib45]). This inhibitory effect is asymmetric, such that the left motor cortex has a relatively greater effect on the right motor cortex ([@bib46]). Based on these findings, [@bib67] concluded that the asymmetric ipsilateral innervation and transcallosal inhibitory control of the M1 closely interact to produce left hemisphere dominancy over hand control.

Functional magnetic resonance imaging (fMRI) studies have revealed asymmetry of the positive ([@bib33]; [@bib51]) and negative ([@bib48]; [@bib47]) blood oxygen level--dependent (BOLD) response in the motor cortex during ipsilateral unimanual motor control. Although the relationship between the negative BOLD response and the electrophysiological inhibitory effect is still controversial, the fMRI results are generally concordant with the electrophysiological findings in terms of asymmetry. Thus, the asymmetric response of the motor cortex during ipsilateral hand movement probably represents the asymmetry of the summation of the ipsilateral innervation and transcallosal inhibitory control ([@bib61]).

The asymmetry of ipsilateral innervation and transcallosal inhibitory control of the M1 can be observed in bimanual coordination. Repetitive bimanual asymmetric finger-tapping movements tend to spontaneously shift their phase to more stable, symmetrical patterns under frequency stress ([@bib30]). The nondominant hand is more prone to this phase shift than the dominant hand ([@bib56]; [@bib31]; [@bib4]).

The phenomenon of spontaneous phase transition has been successfully described by the neural cross-talk model ([@bib8]). The concept of intermanual cross-talk maintains that 2 independent motor plans exist ([@bib40]). The lowest level of cross-talk supposedly occurs downstream from the specification of movement parameters, possibly through the ipsilateral corticospinal tract ([@bib8]). Some of the signals sent to the contralateral hand also descend ipsilaterally in a mirror image. The ipsilaterally mediated signal activates homologous muscles, in conflict with the primary signal for that hand, which originates contralaterally during asymmetric coordination ([@bib29]). As the frequency of movement increases, the conflict appears to become larger. Using TMS, [@bib29] showed that participants with stronger ipsilateral innervation demonstrated a greater instability of asymmetric bimanual movement than those with weaker innervation. Thus, asymmetric ipsilateral innervation of the hand affects bimanual coupling and the phase transition.

During bimanual coordination, there appears to be interhemispheric cross-talk. Using fMRI, [@bib5] found that the right M1 showed less prominent activation during mirror symmetric hand movement than during unimanual left hand movement at the same frequency (3 Hz), which was close to the phase-transition frequency (around 4 Hz). The left M1 did not show such a change. Aramaki and colleagues suggested that the reduced right M1 activity during the mirror movements might have been caused by increased transcallosal inhibition from the left M1 over the right M1.

These previous studies led us to hypothesize that asymmetric ipsilateral innervation and transcallosal control are frequency dependent; thus, as the sum of these activities, the BOLD responses in M1 during ipsilateral unimanual hand movement should also be frequency dependent. A movement rate-dependent increase of the BOLD signal in the contralateral M1 during finger movement has been reported in several previous studies ([@bib50]; [@bib55]; [@bib53]; [@bib26], [@bib27]; [@bib32]; [@bib1]). However, the rate dependency of ipsilateral motor activity during finger movement has not been investigated comprehensively. The rate effect represents the increased processing demand on M1 ([@bib39])---that is, executing rapid movements of the contralateral hand. Similarly, the rate effect in the ipsilateral M1, if there is any, should represent the summation of the effects of ipsilateral innervation and transcallosal inhibition. In the present study, we examined the extent to which the rate effect of the ipsilateral motor cortex during unimanual motor tasks showed hemispheric asymmetry.

Materials and Methods
=====================

Subjects
--------

In total, 22 healthy volunteers (13 male, 9 female) aged 21--31 years participated in the fMRI study. All of the subjects were right handed according to the Edinburgh handedness inventory ([@bib49]). None of the subjects had a history of neurological or psychiatric illness. The protocol was approved by the Ethical Committee of the National Institute for Physiological Sciences, and all of the subjects gave their written informed consent for participation in the study.

Magnetic Resonance Imaging
--------------------------

A time-course series of 54 volumes was acquired using *T*~2~\*-weighted gradient-echo echo-planar imaging sequences using a 3-Tesla MR imager (Allegra, Siemens, Erlangen, Germany). Every volume consisted of 34 oblique slices, each 4.0 mm in thickness, with no interslice gap, in order to cover the entire cerebral and cerebellar cortex. The time interval between 2 successive acquisitions of the same slice was 2000 ms with a flip angle of 80° and a 30 ms echo time. The field of view was 192 × 192 mm. The digital in-plane resolution was 64 × 64 pixels with a pixel dimension of 3.0 × 3.0 mm. The head motion was minimized by placing comfortable, but tight-fitting, foam padding around each subject\'s head. The subjects rested their wrists and arms comfortably on towels. High-resolution whole-brain MR images were also obtained using a *T*~1~-weighted 3-dimensional (3D) magnetization-prepared rapid-acquisition gradient-echo sequence (voxel size = 0.9 × 0.9 × 1.0 mm).

Task
----

Unimanual opponent movements of the right and left index fingers were performed with visual pacing at frequencies of 0.25, 0.5, 1, 1.5, 2, and 4 Hz ([@bib53]). The orders of the frequency conditions and the hand performance were counterbalanced among the subjects. The participants were taught how to perform a brisk and precise touch of the index finger to the tip of the thumb in response to each stimulus, which was immediately followed by a return to the resting position. Before scanning, all of the subjects practiced this movement, and we confirmed that they could execute the task correctly. All of the sessions consisted of 5 epochs, each 20 s in duration, which comprised 2 alternating epochs for right and left hand performance and 3 rest epochs. During each data acquisition series, the frequency of the movement was kept constant. Each subject performed each frequency condition twice: 1 session was performed starting with the right hand, and the other session was performed starting with the left hand.

The pace-making cue was projected by a liquid crystal display projector (DLA-M2000L, Victor, Yokohama, Japan) onto a half-transparent screen. The screen was viewed by the subjects through a mirror. We confirmed that all of the subjects were able to see the screen at the center of their view. The visual cue was a small circle that blinked on and off at the center of the screen. The visual angle of the cue was about 1 degree. The subjects were required to fixate on the cue circle throughout the session. During the rest period, a white closed circle was presented. During the task period, a white circle filled with red was presented. Presentation software (Neurobehavioral System, Albany, CA) was used to provide the pace-making cue. Throughout the sessions, hand movement was monitored on-line through a color television camera (WV-GP110, Panasonic, Osaka, Japan) placed in the MRI scanner room, and was recorded by a digital video cassette recorder (GV-D1000, Sony, Tokyo, Japan).

We did not record electromyograms mainly for technical and instrumental reasons. As negative M1 responses were found during ipsilateral hand movements, covert muscular contraction was unlikely.

Data Analysis
-------------

The 1st 4 volumes of each fMRI session were discarded because of unsteady magnetization, and the remaining 50 volumes per session (a total of 600 volumes per subject) were used for the analysis. The data were analyzed using statistical parametric mapping (SPM5; Wellcome Department of Cognitive Neurology, London, UK) implemented in MATLAB (Mathworks, Sherborn, MA; [@bib15], [@bib18]). Following realignment, all of the images were coregistered to the high-resolution 3D *T*~1~-weighted MRI images. The parameters for affine and nonlinear transformation into a template of *T*~1~-weighted images that was already fitted to a standard stereotaxic space (Montreal Neurological Institute \[MNI\] template) were estimated based on the high-resolution 3D *T*~1~-weighted MR images using the least-square means ([@bib18]). The parameters were applied to the coregistered fMRI data. The anatomically normalized fMRI data were filtered using a Gaussian kernel of 8 mm full width at half maximum in the *x*, *y*, and *z* axes.

Individual Analysis
-------------------

The signal time-course of each subject was modeled with a boxcar function convolved with a hemodynamic-response function, high-pass filtering (128 s) for detrending purpose, and session effects. The 2 regressors were set at the onsets of the right and left hand task periods independently. The individual task-related activity was evaluated using a general linear model ([@bib18]). The resulting set of voxel values for each comparison constituted a SPM of the *t* statistic \[SPM{*t*}\]. Global mean scaling was not applied, so as not to induce type II errors in the assessment of negative BOLD responses ([@bib2]).

To plot the amplitude of the brain activity in M1, we calculated the beta value for each frequency, and the hand conditions in the right M1 and the left M1, where the contralateral local maximum was defined by the main effect contrast for each hand. The beta value is a regression coefficient in the general linear model. In the entire data analysis, we used the same amplitude and form for the regressors. Therefore, the beta value could be used as a measure of the change in the brain activity from the baseline condition ([@bib5]). The right and left M1 were defined in each individual by the local maximum of the SPM{*t*}, which was highlighted by the main effect contrast for each hand movement across all frequencies. The statistical threshold was set at a family-wise error (FWE) corrected *P* \< 0.05 value ([@bib16]). Each local maximum was confirmed to be located on either the anterior or the posterior bank of the central sulcus (CS) around the motor-hand knob ([@bib66]) by referring to the individual\'s high-resolution anatomical MRI data. Three-way repeated measures analysis of variance (ANOVA) was conducted to evaluate the main effects of hemisphere, hand, and movement frequency, and their interaction. The statistical threshold was set at *P* \< 0.05 with a Greenhouse--Geisser correction.

Group Analysis with the Random Effect Model
-------------------------------------------

The summary data for each individual were incorporated into the 2nd-level analysis using a random effect model, in order to make inferences at a population level. The weighted sum of the parameter estimates in the individual analysis constituted "contrast" images, which were used for the group analysis ([@bib17]). The contrast images obtained via the individual analysis represented the task-related increment of the MR signal of each subject. For the contrasts of all frequency and hand performances, a repeated measures 2-way ANOVA was performed for every voxel within the brain, in order to obtain population inferences. The resulting set of voxel values for each contrast constituted the SPM{*t*}. The threshold was set at FWE-corrected *P* \< 0.05 at the voxel level ([@bib16]). Clusters larger than 40 voxels were reported. The results of the group analysis are shown in [Supplementary Figure 1](http://cercor.oxfordjournals.org/cgi/content/full/bhn053/DC1).

Results
=======

Task Performance
----------------

All of the subjects performed the finger movements correctly in accordance with the visual cues, as confirmed by on-line observation and retrospective inspection of the video-recorded hand movements.

fMRI Results
------------

The main effect for each hand showed significant activation in the contralateral M1 (FWE-corrected *P* \< 0.05) in all of the subjects. The coordinates defined as the local maximum of the M1 were in almost symmetrical locations in the right and left hemispheres: the MNI coordinates (average ± standard deviation) of the right and left M1 were *x* = 38 ± 3.8, *y* = −22 ± 3.4, *z* = 58 ± 7.4, and *x* = −39 ± 5.1, *y* = −22 ± 6.0, *z* = 58 ± 6.0, respectively ([Table 1](#tbl1){ref-type="table"}). [Figure 1](#fig1){ref-type="fig"} shows representative individual activation maps around the CS for the performance of each task with each hand.

###### 

Individual coordinates of the M1

  Subject     Right M1               Left M1                                                  
  ----------- ---------- ----------- ---------- ---------- ----------- ----------- ---------- ----------
  S1          34         −18         60         +4         −42         −20         56         +4
  S2          30         −20         60         +3         −34         −22         60         +1
  S3          40         −22         60         0          −44         −20         64         0
  S4          34         −22         48         +2         −34         −18         52         +4
  S5          38         −20         62         +1         −34         −20         60         +3
  S6          34         −24         56         −1         −38         −30         54         0
  S7          42         −26         62         +1         −40         −28         60         0
  S8          46         −22         54         +1         −42         −24         50         +2
  S9          38         −18         66         +1         −38         −24         60         0
  S10         38         −22         70         +4         −38         −28         68         +5
  S11         38         −24         50         −1         −36         −30         50         +1
  S12         40         −20         58         +4         −42         −26         54         −1
  S13         40         −28         68         +2         −46         −20         64         +2
  S14         44         −26         58         −1         −36         −30         52         +2
  S15         42         −24         68         −3         −34         −22         70         0
  S16         42         −14         50         +6         −42         −2          58         +6
  S17         36         −24         48         +1         −34         −24         50         0
  S18         42         −20         68         +2         −54         −20         56         −3
  S19         36         −24         54         −2         −40         −18         66         +1
  S20         38         −18         52         +2         −38         −20         52         +5
  S21         38         −24         46         +1         −34         −24         56         0
  S22         36         −26         50         0          −32         −22         54         0
  Mean ± SD   38 ± 3.8   −22 ± 3.4   58 ± 7.4   +1 ± 2.2   −39 ± 5.1   −22 ± 6.0   58 ± 6.0   +1 ± 2.3

Note: All of the coordinates are represented in standard stereotaxic space. Δ*y* represents the distance from the CS (+ indicates anterior to the CS; − indicates posterior to the CS).

![Representative SPM{*t*} values from around the CS during finger movements (main effect of hand movement) for all frequencies superimposed on the individual\'s high-resolution MRI data. In the color scale, red to yellow represent positive *t*-values (an increase in the BOLD signal), whereas blue to green represent negative *t*-values (a decrease in the BOLD signal). The enhanced black lines on the activation maps represent the CS. The numbers on the left indicate the *z* coordinates of the 2 axial slices (mm), which represent the distance from the transaxial plane including the anterior commissure--posterior commissure (AC--PC) line.](cercorbhn053f01_4c){#fig1}

To evaluate the main effects of hemisphere (right/left) and hand (ipsilateral/contralateral), the task-related activity of M1 was collapsed across all of the frequencies. Two-way repeated measures ANOVA revealed significant effects of hand (*F*~1,\ 21~ = 161.866, *P* \< 0.001), and the hemisphere × hand interaction (*F*~1,\ 21~ = 5.402, *P* = 0.030). The effect of hemisphere (*F*~1,\ 21~ = 0.287, *P* = 0.598) was not significant. The predefined contrast showed significant suppression of the right M1 compared with the left M1 during ipsilateral hand movement (*F*~1,\ 21~ = 5.693, *P* = 0.027), whereas the differences during contralateral hand movement were not significant (*F*~1,\ 21~ = 0.951, *P* = 0.341; [Fig. 2](#fig2){ref-type="fig"}).

![Task-related BOLD signal changes of the left and right M1 during ipsilateral and contralateral hand movements. \**P* = 0.027 (*F*~1,\ 21~ =5.693, 1-way repeated measures ANOVA with predefined contrast).](cercorbhn053f02_lw){#fig2}

The averages of the individual beta values for each frequency condition are shown in [Figure 3*a*](#fig3){ref-type="fig"}. The contralateral M1 showed a frequency-dependent increase without a hemispheric effect (2-way repeated measures ANOVA; \[right/left M1\] × \[frequency\]; *F*~5,\ 105~ = 0.686, *P* = 0.635). By contrast, the ipsilateral M1 showed an asymmetric frequency-dependent change (2-way repeated measures ANOVA; (right/left M1) × (frequency); *F*~5,\ 105~ = 4.372, *P* = 0.001). The M1 ipsilateral to the performance hand showed task-related deactivation (a negative BOLD response) at 0.25 and 0.5 Hz without laterality. The left M1 showed a gradual decrease of deactivation as the frequency of the left hand increased. The right M1 showed more prominent deactivation as the frequency of the right hand increased. To demonstrate how these asymmetries of the beta value changed, the subtraction of the beta value (right M1 − left M1) is shown in [Figure 3*b*](#fig3){ref-type="fig"}. The asymmetry of the ipsilateral M1 activity was enhanced as the frequency of the movement increased; by contrast, the contralateral M1 did not show such a change. A 3-way repeated measures ANOVA (hand: contralateral and ipsilateral) × (hemisphere: right and left) × (frequency of movement: 0.25, 0.5, 1, 1.5, 2, and 4 Hz) showed significant main effects of hand (*F*~1,\ 21~ = 161.866, *P* \< 0.001) and frequency (*F*~3.214,\ 67.499~ = 33.223, *P* \< 0.001), and the interactions of (hand × hemisphere; *F*~1,\ 21~ = 5.402, *P* = 0.030), (hand × frequency; *F*~2.378,\ 49.937~ = 68.160, *P* \< 0.001), and (hand × hemisphere × frequency; *F*~5,\ 105~ = 2.877, *P* = 0.018). The main effects of hemisphere and the interaction of (hemisphere × frequency) were not significant (hemisphere: *F*~1,\ 21~ = 0.287, *P* = 0.598; hemisphere × frequency: *F*~2.710,\ 56.901~ = 1.608, *P* = 0.201).

![Average beta values for each frequency condition. (*a*) The beta values measured at the right (green) and left (orange) M1 areas, contralateral (top) and ipsilateral (bottom) to the task hand. (*b*) Subtraction of the beta values (right M1 − left M1) for the contralateral and ipsilateral M1 areas shown in (*a*). The ipsilateral M1 showed an asymmetric activity pattern, whereas that of the contralateral M1 was symmetric. All data represent the mean ± SEM.](cercorbhn053f03_4c){#fig3}

[Figure 4](#fig4){ref-type="fig"} shows the averaged time-course of the M1 activity. The M1 contralateral to the task hand showed a positive hemodynamic change in all frequency conditions. By contrast, the ipsilateral M1 showed a negative or slightly positive MR signal change.

![Average time-courses across all subjects (*N* = 22) for each M1 area during task performance with the right and left hands. The M1 contralateral to the task hand showed a positive hemodynamic response. By contrast, the right M1 during right-hand movement showed a negative response. The percent MRI signal change compared with the average value of the 4 time points just before starting the task epoch were averaged across subjects for each time point. These data represent the mean ± SEM.](cercorbhn053f04_4c){#fig4}

To depict the area where there was a frequency-dependent change of the BOLD signal, a whole-brain 2-way repeated measures ANOVA was conducted. The contrast of the main effect of frequency during right-hand movement highlighted the contralateral M1 and the ipsilateral cerebellum ([Supplementary Fig. 1](http://cercor.oxfordjournals.org/cgi/content/full/bhn053/DC1), top). By contrast, the left hand movement highlighted the thalamus and the secondary somatosensory cortex (S2), in addition to the contralateral M1 and the ipsilateral cerebellum ([Supplementary Fig. 1](http://cercor.oxfordjournals.org/cgi/content/full/bhn053/DC1), bottom). A plot of the beta values revealed a monotonic increase in the signal change ([Supplementary Fig. 1](http://cercor.oxfordjournals.org/cgi/content/full/bhn053/DC1), graphs).

Discussion
==========

BOLD Response
-------------

The positive fMRI BOLD signal is coupled with the cerebral metabolic rate of oxygen (CMRO~2~; [@bib60]; [@bib62]) and the neural activity measured by the local field potential ([@bib38]; [@bib43]). The negative BOLD signal is also tightly coupled with cerebral blood flow (CBF) and CMRO~2~ in the human visual cortex ([@bib59]) and M1 ([@bib62]), and with cerebral blood volume in the primary visual cortex (V1) of anesthetized cats ([@bib22]). Recent simultaneous fMRI and electrophysiological measurements in the monkey V1 revealed that both the positive and negative BOLD responses were strongly correlated with neuronal activity ([@bib58]). Hence, a negative BOLD response in the ipsilateral M1 represents a decrease in neural activity.

Region of Interest Analysis
---------------------------

We defined the M1 of each subject by the local maximal response to the contralateral hand movement across all of the frequencies, under anatomical constraints ([Table 1](#tbl1){ref-type="table"}). This was because the group analysis with spatial normalization and the voxel-by-voxel calculation of the task-related activation had lost the specific characteristics of the ipsilateral representation of M1 ([@bib48]).

Negative Response in the Ipsilateral M1
---------------------------------------

We showed that the ipsilateral M1 was deactivated ([Fig. 1](#fig1){ref-type="fig"}), and that this phenomenon was more prominent during right-hand execution than left hand execution ([Fig. 2](#fig2){ref-type="fig"}). This was consistent with the results of [@bib48], who showed that the anterior and posterior wall of the CS was exclusively activated by contralateral hand movement, and deactivated by ipsilateral hand movement. The anterior part of the precentral gyrus, corresponding to the premotor cortex, was activated by contralateral and ipsilateral distal hand movements. By contrast, proximal shoulder movement activated the M1 bilaterally ([@bib48]). Regarding the positive BOLD response of the ipsilateral M1 reported previously ([@bib33]), [@bib48] suggested that poor spatial resolution had made it difficult to differentiate the deactivation of the M1 and the activation of the premotor cortex. They also argued that tonic proximal activity could be a source of contamination, because there was a tendency for subjects to lift their hands from the surface when finger tapping and to relax their hands during rest periods. Several recent studies have shown a negative BOLD response in the right M1 during ipsilateral hand movement ([@bib3]; [@bib21]; [@bib62]; [@bib47]). These findings led us to conclude that the ipsilateral M1 was deactivated during distal hand movement.

Frequency-Dependent Response in M1
----------------------------------

### Contralateral M1

A monotonous increase of the BOLD signal change was observed in the contralateral M1 without laterality. Many previous reports described a similar relationship between the repetition rate of finger movement and the activity change in the contralateral motor cortex, as measured by positron-emission tomography (PET; [@bib64]; [@bib6]; [@bib54]; [@bib53]) and fMRI ([@bib50]; [@bib55]; [@bib53]; [@bib26], [@bib27]; [@bib32]; [@bib1]). This "rate effect" has been attributed to the increasing processing demands in M1 ([@bib39]). The symmetric frequency dependency is consistent with a previous study in which subjects executed thumb flexions at a variable rate with their right and left hands ([@bib1]).

### Ipsilateral M1

During ipsilateral hand movement, across all of the frequencies examined, there was no significant positive response in M1 on either side. This was consistent with the notion that transcallosal inhibition is crucial in suppressing the mirror activation of the ipsilateral motor cortex during intended unilateral hand motor tasks ([@bib45]; [@bib3]). In children up to 10 years old, mirror movement is common ([@bib10]), although this phenomenon gradually disappears thereafter ([@bib45]; [@bib44]; [@bib23]; [@bib41]). This fact has been attributed to maturation of the transcallosal inhibitory system ([@bib11]). The evidence suggests that interhemispheric inhibition suppresses the M1 coactivation, allowing independent movement and unimanual control.

At lower frequencies, M1 in both hemispheres showed symmetrical negative responses. As the frequency of the movement increased, the left M1 gradually increased up to a baseline, whereas the right M1 showed a gradual decrease in the task-related signal response. Hence, there was an asymmetric frequency dependency of the M1 response during ipsilateral hand movement.

The ipsilateral innervation of the left M1 was more prominent than that of the right M1. Previous repetitive TMS studies demonstrated that transient disturbance of the left M1 had a greater effect on ipsilateral motor control during the execution of complex finger movements ([@bib9]). A lesion study revealed that left hemisphere stroke disrupted ipsilateral motor performance more severely than right hemisphere stroke ([@bib20]). This indicated that left motor cortex activation was required not only for contralateral motor control but also for ipsilateral motor control through the ipsilateral uncrossed corticospinal projection.

Another component that might affect ipsilateral M1 activity is interhemispheric interaction between the right and left motor areas, which could be mediated via the corpus callosum ([@bib13]). [@bib46] reported the asymmetry of the inhibitory effects by applying TMS conditioning stimuli contralateral to the task hand, followed by a test stimulus on the other side of the motor cortex. Netz and colleagues showed that the left hemisphere had a greater inhibitory effect. [@bib37] showed that the interhemispheric interaction between the motor areas depends on the type of unilateral pinch grip performed. Tonic contractions enhanced the MEPs in the homologous muscles, particularly during higher force conditions, consistent with previous studies, including [@bib63]. On the other hand, low-force phasic pinch grips induced a decrease in the TMS-induced MEPs. [@bib37] speculated that the decreased excitability during phasic pinch grip could improve the capacity to perform fine finger movements, which are usually carried out unilaterally. This finding indicates that the specific type of natural movement also induces interhemispheric inhibition. In imaging studies, these areas showed a reduction in the neural response to the low-force pinch-grip task ([@bib21]; [@bib62]). [@bib47] conducted fMRI while subjects made a button press with their thumb. They found a decrease in BOLD signal in the ipsilateral M1. The generation of low-force hand grips has been shown to reduce the cortical excitability of M1 ipsilateral to the movement in response to TMS test pulses ([@bib14]; [@bib37]) and also to reduce the BOLD signal measured from this area ([@bib21]; [@bib62]). Considering the similarity of the tasks, [@bib47] speculated that "the observed negative BOLD responses may reflect a reduction in cortical excitability in M1 as a consequence of button pressing with the ipsilateral thumb". Using TMS, [@bib65] showed that the no-go condition of a go/no-go task inhibits the primary motor cortex. This inhibition evoked no measurable change in the BOLD signal in the motor cortex. The authors concluded that inhibition is less metabolically demanding, and thus the positive BOLD response results from excitation rather than inhibition. From these previous studies, the observed negative BOLD response likely reflects the reduction of cortical excitability.

This interpretation is consistent with the model proposed to explain the cortical activation ipsilateral to an active hand ([@bib19]). The model assumes that distal hand movements are initially generated bilaterally, and only during the final preparation phase does the movement become unilateral due to transcallosal inhibition ([@bib52]; [@bib7]). The dominant hemisphere exerts a more potent action on the nondominant hemisphere via asymmetric interhemispheric inhibition ([@bib67]). This model is supported by electroencephalography studies of the Bereitshaftspotential, which initially develops bilaterally and only becomes lateralized a few hundred milliseconds prior to movement onset ([@bib57]; [@bib34]). Because of the poor temporal resolution of fMRI compared with EEG, the activity of the ipsilateral M1 might represent the net effect of transcallosal inhibition and activation by the ipsilateral hand movement. At lower frequencies, both M1s were suppressed during ipsilateral movement. The left M1 showed a gradual increase of signal up to the baseline as the frequency of the left hand increased. This might indicate increased involvement of the left M1 in ipsilateral hand control in a frequency-dependent manner. The "rate" effect refers to the frequency-dependent recruitment of the left ipsilateral M1, from which the neural signal is sent to the ipsilateral hand through the ipsilateral corticospinal tract. By contrast, the right M1 showed a further decrease of signal as the frequency of the right hand increased. This suggests increased transcallosal inhibition to the right M1, which surpassed the involvement of the right M1 in ipsilateral hand control. Here we assume that the ipsilateral innervation is independent from the interhemispheric inhibition. This assumption is supported by an electrophysiological study ([@bib36]), which suggests that the transcallosal fibers mediating interhemispheric inhibition and the corticospinal output system arise from different neuronal populations. These results demonstrate the dominance of the left M1 in both ipsilateral innervation and transcallosal inhibition under frequency-stress conditions ([Fig. 5](#fig5){ref-type="fig"}).

![Possible scheme for asymmetric ipsilateral motor systems originating from M1. For low-frequency movements (top row), the ipsilateral M1 is suppressed symmetrically by an inhibitory system, such as transcallosal inhibition from the contralateral M1 (horizontal line). For high-frequency movements of the right hand (bottom left), both the control of the contralateral hand and the transcallosal inhibition from the left M1 increase, resulting in a frequency-dependent increase of contralateral activation and ipsilateral deactivation. During left hand movement at high frequencies (bottom right), the ipsilateral activation of the left M1 increases, apparently canceling out the transcallosal inhibition from the right M1.](cercorbhn053f05_4c){#fig5}

Cerebral Dominance
------------------

[@bib67] proposed 2 different, although not mutually exclusive, models to explain the functional differences of the human cerebral hemispheres. One model assumes that asymmetrical motor performance is a consequence of intrinsic hemispheric specialization. The other proposes that both motor cortices have identical motor capabilities in controlling the contralateral hands, but that hemispheric differences occur due to asymmetric inhibitory interactions between the 2 motor cortices. Our study revealed asymmetry of the rate-dependent change of the ipsilateral M1 response, such that the left M1 was dominant for both interhemispheric inhibition and ipsilateral innervation. These findings support the 2nd model, which proposes that the asymmetric interaction between the primary motor cortices contributes to cerebral dominance, at least in right-handed subjects.

Sensory Feedback
----------------

The task-related activity of M1 might be affected by tactile feedback associated with hand movement. Using functional MRI, [@bib24] showed that the unilateral touching of the fingers is associated with deactivation of the ipsilateral primary somatosensory cortex and M1 in both hemispheres. However, the suppression did not show any frequency dependency or asymmetry ([@bib24]). Therefore, it is not likely that a suppressive sensory-evoked response induced by finger movement can explain the asymmetric frequency-dependent change in the M1 during finger movement in the present study.

Other components included in finger movements.
----------------------------------------------

There are several parameters which were not measured in the present study, but still worth consideration, such as amplitude, force, and precision of the movement.

### Amplitude and Force

The frequency of movement, force, and the amplitude may covary. In the current study, we defined "performance" as "the correct movement made in time with the frequency of the cues," and manipulated movement pacing parametrically with visual pacing cues. We used videotape to confirm that the finger movements were well-synchronized with the visual pacing cues. The present study replicated the previous PET and fMRI studies investigating the frequency dependency of the response of M1 to contralateral finger tapping, and thus the experimental setup used was appropriate.

It is possible that a higher frequency of this movement might require more force than the same movement performed at a lower frequency. [@bib12] investigated the ipsilateral right M1 activity during various force levels for the right hand. They showed that lower finger pressure reduced the regional CBF, but increased the value compared with the baseline at a higher force level. This was associated with electromyographic evidence of contraction of the left shoulder muscles at the highest force levels in some of the participants. Dettmers and colleagues interpreted the negative response at the lower force level as transcallosal inhibition, which is essential for the execution of a unilateral task.

Recently, [@bib61] conducted an fMRI study with a pinch grip task at forces which ranged from 5 to 80% of the maximum voluntary contraction. The region of interest analysis revealed that a portion of the M1/S1 was activated and the other portion was deactivated. The activated voxels in the ipsiltateral M1/S1 showed a significant positive force effect, the slope of which was smaller than that of the contralateral M1/S1. The deactivation in the ipsilateral M1/S1 was more prominent than that in the contralateral M1/S1, and did not show any force effect. [@bib61] interpreted this finding as comprising 2 distinct mechanisms, that is, the ipsilateral corticospinal innervation and transcallosal inhibition. The activated portion of the ipsilateral M1/S1 is related to the regulation of the smaller motor units that control force through the ipsilateral innervation. The deactivated portion of the ipsilateral M1/S1 was interpreted as the asymmetric transcallosal inhibition. These results indicate that the ipsilateral S1/M1 deactivation is not sensitive to the force level, at least in the lower force ranges.

In the present study, we examined the full range of movement frequencies from 0.25 Hz up to 4 Hz ([@bib54]). Previously, [@bib25] recorded the force while subjects performed the tapping task with the index finger at various frequencies. The generated forces were 0.95 N at 1.2 Hz, 0.48 N at 2.6 Hz, and 0.48 N at 4.3 Hz. [@bib35] recorded the static grip forces while holding a small object with precision. Normal grip generated a force of 1.83 N, which was 2.8% of the maximum voluntary grip force. These previous data suggest that the force range during opponent finger tapping is likely to be relatively narrow at low levels. As the ipsilateral S1/M1 deactivation is not sensitive to force levels, at least in the low-force range, the correlational changes found in the present study likely reflect the effects of frequency rather than force. This speculation should be examined in future studies.

### Precision of the Movement

In the present study, we did not measure precision which could be measured as the deviation from the ideal intertap interval (ITI, [@bib5]). There is an asymmetric capability of finger movement. The dominant hand showed shorter ITIs (range from 130 to 180 ms; corresponds to from 7.7 to 5.5 Hz) than the nondominant hand (range from 160 to 200 ms; corresponds to from 6.25 to 5 Hz) ([@bib28]; [@bib39]). In the present study, the highest ITI was 250 ms (4 Hz), indicating that both hands potentially have a capability to execute current task correctly.

To make these points clearer, it needs further studies with simultaneous measurement of force, amplitude, and timing of the movement.
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